Ultraviolet-B radiation is harmful to plants, and its intensity increases at altitude. So plants growing at high altitude possess UV protection systems. Flavonoid is known as a major UV protectant because it absorbs UV radiation and scavenges UV-induced free radicals in plant tissues. Japanese knotweed (Fallopia japonica) and Japanese larch (Larix kaempferi) grow at a wide range of altitudes on Mt. Fuji, the highest mountain in Japan, while the two plants harbor a homogeneous genetic structure. In the present study, a total of 14 flavonol 3-O-glycosides were isolated from both species. Furthermore, quantitative HPLC analyses revealed that flavonoid levels in the leaves of F. japonica and the needles of L. kaempferi increased with increasing altitude of their growing sites. The altitudinal trend of UV-absorbing antioxidants of herbal and woody plants was simultaneously revealed for the first time. These results suggest that both species have chemically acclimatized to high altitude regions, in which severe environmental conditions such as higher UV radiation exist.
Ultraviolet-B radiation (280-320 nm) potentially damages DNA, protein, chlorophyll and membrane lipid in plants, and enhanced UV-B in solar light may be an environmental stress factor leading to reduced biomass in terrestrial plants [1] . Higher plants accumulate UV-absorbing substances in the epidermis of their leaves, and protect lower layers (e.g. assimilating tissue) against harmful UV-B. Flavonoids are one of the most effective UVabsorbing compounds in this system, because they can absorb harmful UV radiation, and scavenge UV-induced free radicals [2] . Furthermore they are also induced and accumulate in plant tissue in response to radiation [3] . Gene engineering has revealed that flavonoid deficient mutants of Arabidopsis thaliana were sensitive to UV-B irradiation [4] .
Highland areas are a severe condition for plants to inhabit due to various environmental stresses. Enhanced UV-B at high altitude has been considered as one of the major factors impacting on plant growth. Since wild plants that occupy highland areas have a risk to be exposed to higher UV radiation, they are likely to possess the UV protection system mentioned above. Altitudinal variations of UV-absorbing compounds of wild plants have been surveyed using the leaves of Quercus rubra L. and Plantago asiatica L., the flowering heads of Crepis capillaris (L.) Wallr., Hieracium pilosella L. and Hypochaeris radicata L. (Asteraceae), and the aerial parts of Artemisia vulgaris L. and Veronica chamaedrys L.
[5]. Furthermore, the altitudinal gradients of UV-absorbing substances in two cultivar plants, which possess genetic uniformity, have also been studied using the flowering heads of Matricaria chamomilla L. cv. BONA and Arnica montana L. cv. ARBO [6] . These studies showed that the plants at higher altitudes have a tendency to accumulate higher amounts of UV-absorbing compounds such as flavonoids and phenolic acids. However, to date, the number of related studies, which provide basic information from natural ecology, have been limited. The objective of this study was to survey the altitudinal quantitative and qualitative variation of notable UV-absorbing compounds, flavonoids, in the leaves of F. japonica and the needles of L. kaempferi. As a first step, we identified the major flavonoids from both species, and compared contents of them among the individuals of altitudinally different habitats. Kim et al. [10] reported twenty-one flavonoids from five Fallopia species, i.e., F. scandens, F. dentatoalata, F. dumetorum, F. convolvulus and F. cilinodis. As in the case of F. japonica on Mt. Fuji, quercetin 3-O-glycosides were detected as major components. These results suggest that quercetin 3-O-glycosides are widely distributed in Fallopia species. By contrast, Kawasaki et al.
reported some C-glycosylflavones in addition to quercetin glycosides from this species which was collected from other populations in Japan [8a] . However, these flavones were not isolated nor found at trace level by HPLC analysis in the present study. These results indicated that the flavonoid composition of F. japonica in Japan varies geographically.
Eight flavonol glycosides were isolated from L. kaempferi. To date, only three foliar flavonoids have been reported from the plant [9]. There must be some variations (e.g., geographically) in needle flavonoid composition of L. kaempferi.
Flavonoid content
Shibata has reported that UV-B intensity from the sun increases at higher altitudinal sites in central Japan [11] . We also confirmed this trend at Mt. Norikura, central Japan [5b]. These results demonstrated a positive correlation between altitude and UV intensity in central Japan, in which Mt. Fuji is located.
In this survey, we estimated the flavonoid contents of an herbaceous perennial Fallopia japonica and a coniferous tree Larix kaempferi on altitudinal gradient on Mt. Fuji. HPLC analyses revealed that the total flavonoid content was positively correlated with the altitude of the growing site in both plants (Figures 2 and 3 ). Correlation coefficients of total flavonoid content of both species were 0.69 (F. japonica, Figure 2 ) and 0.73 (L. kaempferi, Figure 3 ), respectively. This altitudinal trend of flavonoid content was seen on different slopes (Yoshida-guchi and Shoji-guchi) of the mountain (Table 1 ). We preliminarily observed that foliar flavonoid content of a cosmopolitan weed Plantago asiatica on Mt. Norikura (central Japan) also increased at altitude at the same rate (r = 0.68) [5b].
F. japonica contained some phenolics (P1-3), which were estimated as hydroxycinnamic acid derivatives from their spectrum These compounds can also act as UV-absorbing substances, but the amounts of these compounds among the populations were lower than those of flavonoids. Besides, the content of phenolic acids correlated weakly with altitude (r = 0.37).
Accumulation pattern of antioxidant flavonoids
Flavonoids can quench UV-B produces free radicals, which cause cellular oxidative damage [4c, 12] . Several flavonols are thought to be the most effective free radical scavengers/antioxidants among flavonoid compounds [13] . Flavonol glycosides have been isolated from many alpine species, e.g., Rheum nobile Hook.f. & Thomson (Polygonaceae) [14] , Callianthemum hondoense and C. alatavicum (Asteraceae) [15] , Geum calthifolium var. nipponicum Ohwi and Sieversia pentapetala Greene (Rosaceae) [16] , and Campanula chamissonis Al. Fedr. [17] . In the present study, flavonol glycosides were isolated from the two investigated species as major compounds.
Moreover, B-ring ortho-dihydroxylated flavones and flavonols are more effective antioxidants than mono-hydroxylated equivalents [13, 17] . It was also shown that a higher level of B-ring hydroxylation in flavonoids was induced by UV-B treatment [13b]. A higher level of B-ring hydroxylation with increasing elevation was observed in the leaves of some wild plants, e.g., Quercus rubra [5a] and Plantago asiatica [5b]. The content of orthodihydroxylated flavonoids (quercetin glycosides) in the leaves of F. japonica notably increased with altitude. This trend of flavonoid accumulation was also seen in the flowering heads of some Asteraceous plants [12, 13] . From this aspect, F. japonica possesses a better chemical property against UV-B than that of L. kaempferi, which contains kaempferol derivatives. However, we observed that kaempferi also exhibits a homogeneous genetic structure [7] . These results indicated that as they spread up the mountain and took root, each population retained almost the same gene structure.
In conclusion, we found that F. japonica and L. kaempferi growing at higher altitude on Mt. Fuji tended to accumulate much greater amounts of flavonoids than plants of lower altitudinal populations.
Our findings suggest that both species acclimatize themselves to high mountain regions, in which several environmental stresses exist, by controlling the accumulation of their UV-absorbing compounds.
Experimental
General: NMR spectra were measured in pyridine-d 5 at 600 MHz ( 1 H NMR) and 150 MHz ( 13 C NMR). LC-ESI-MS were measured using an L-column2 ODS (3 μm particle material, 2.1 × 100 mm, Chemicals Evaluation and Research Institute, Japan) at a flow-rate of 0.2 mL min -1 , eluting with HCOOH/MeCN/H 2 O (1:15:84), ESI + 4.5 kV, ESI -3.5 kV, 250 o C. First, preparative HPLC was performed with a Pegasil ODS column (5 μm particle material, 10 × 250 mm, Senshu Scientific Co., Ltd., Japan) at a flow-rate of 3.0 mL min -1 , detection: 350 nm, and eluent: HCOOH/MeCN/H 2 O (1:12:87). Second, preparative HPLC was carried out using a SSC-1310 Recycle Unit (Senshu Scientific Co., Ltd.) with a Pegasil ODS column (5 μm particle material, 10 × 250 mm, Senshu Scientific Co., Ltd.) at a flow-rate of 4.0 mL min -1 , detection: 350 nm, and eluent: HCOOH/MeCN/H 2 O (1:18:81). The recycling process was used for each sample repeatedly (4-5 times).
The HPLC survey of the isolated flavonoids was performed with a Shimadzu Prominence HPLC system using an L-column2 ODS (5 μm particle material, 6.0 × 150 mm, Chemicals Evaluation and The timberline ecotone on Japanese high mountains is commonly dominated by Japanese stone pine (Pinus pumila Regel). However, Mt. Fuji does not harbor this; instead this mountain is dominated by Japanese larch. This is because Mt. Fuji is a young volcano (the present shape of the mountain was formed around 9,000 years ago) and stone pine was not able to migrate to Mt. Fuji during the post glacial period. Japanese knotweed is quite common on Mt. Fuji, as early stages of succession on scoria.
Plant materials: Fallopia japonica and Larix kaempferi were collected from various elevation sites on Mt. Fuji, Yamanashi and Shizuoka Prefectures, Japan. The mountain is isolated from other mountain ranges, and their collections were carried out along the climbing trail in several directions and altitudes, i.e., northeast (Yoshida-guchi; 2,025 m alt., YO1, 2,200 m alt., YO2, 2,700 m alt., YO3), northwest (Shoji-guchi; 1,700 m alt., SH1, 2,200 m alt., SH2, 2,420 m, SH3) and east (Subashiri-guchi; 2,800 m alt., SU1) side of the mountain. The plants were collected in August 2009 under the permission of the Ministry of Environment, Japan. Voucher specimens were deposited in the Herbarium of the Kyoto University (KYO).
Qualitative analysis:
Fresh leaves of F. japonica (120 g) and fresh needles of L. kaempferi (155 g) were extracted with MeOH. The concentrated extracts were separated by preparative paper chromatography using solvent systems: BAW (n-BuOH/HOAc/H 2 O = 4:1:5, upper phase), 15% HOAc, and then BEW (n-BuOH/EtOH/H 2 O = 4:1:2.2). The isolated flavonoids were purified by Sephadex LH-20 column chromatography using the solvent system: 70% MeOH. The compounds were further purified by preparative HPLC.
The isolated compounds were identified by UV spectral survey according to Mabry et al. [19] , LC-MS, characterization of acid hydrolysates (aglycones and sugars), and HPLC comparisons with authentic samples, as reported previously [16, 20] . In addition to the experiments mentioned above, compound 6 (quercetin 3-Oarabinofuranoside) was characterized by 1 H and 13 C NMR spectroscopy.
Quantitative HPLC analysis: Fresh leaves of F. japonica and L. kaempferi were collected from different growing sites on Mt. Fuji. To minimize their ontogenetic effects, mature leaves and needles were randomly selected. The concentration of flavonoids in the leaves was measured per unit weight. Measuring by unit area further confirms the contents of UV-absorbing compounds. We preliminarily observed that the amounts measured per unit weight and per unit area were positively correlated in the leaves of F. japonica sampled from Mt. Norikura, central Japan (data not shown).
The concentration of UV-absorbing compounds in the leaves of F. japonica and L. kaempferi were measured from MeOH extracts (0.4 g fresh weight in 8 mL MeOH) using a Shimadzu Prominence HPLC system with an L-column2 ODS (5 μm particle material, 6.0 × 150 mm, Chemicals Evaluation and Research Institute), at a flowrate: 1.0 mL min -1 , detection: 190-400 nm and eluent: MeCN/H 2 O/H 3 PO 4 (18:82:0.2). Extraction for the analysis of flavonoids was performed as described previously [5b,18]. Comparisons were made in terms of major UV-absorbing compounds which appeared as major peaks in the HPLC profiles. The peaks that had similar retention times and UV spectra from the wavelength of 190-400 nm were recognized as the same compounds. The amount of each flavonoid was expressed as the absorbance at 350 nm (mAU×10 6 ).
